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The overall structure and the fine structure of the solar photosphere outside active regions 
are largely understood, except possibly important roles of a turbulent near-surface dynamo 
at its bottom, internal gravity waves at its top, and small-scale vorticity. Classical ID static 
radiation-escape modelling has been replaced by 3D time-dependent MHD simulations 
that come closer to reality. 

The solar chromosphere, in contrast, remains ill-understood although its pivotal role 
in coronal mass and energy loading makes it a principal research area. Its fine structure 
defines its overall structure, so that hard-to-observe and hard-to-model small-scale dynam- 
ical processes are the key to understanding. However, both chromospheric observation and 
chromospheric simulation presently mature towards the required sophistication. The open- 
field features seem of greater interest than the easier-to-see closed-field features. 
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1. Introduction 

Solar photosphere-chromosphere-corona coupling is presently a premier research topic in 
trying to understand our star's regulation of our environment. Large strides forward are 
made thanks to three methodological advances: (1) real-time and post-detection wavefront 
correction enabling 0.1" resolution from meter-class optical telescopes, (2) continuous 
multi-wavelength high-cadence monitoring from space, (3) increasing realism of numerical 
simulations of solar-atmosphere fine structure. 

This brief overview summarises the status, issues, and prospects in studying the lower 
solar atmosphere away from a ctive regions . More detailed recent reviews of releva nce are 



those of solar magnetism bylSolanki et al. I (2006111 chrom osphere observ ations by iJudpd 



(20061) and me ( Rutten 2007 ), chromosphere modelling by Carlsson (2007) stellar chromo- 
spheres by Hall ( 20081) solar convection simulation s bv lNordlund et al.l ( 2009) small-scale 
photospheri c magnetism b y De Wiin et al.l (2009) m agnetic photosphere - chrom osphere 



coupling bv lSteinerl (20101) and of supergranulation by Rieutord & Rinconl (20101) 

Quiet Sun denotes those areas of the solar atmosphere where magnetic activity is not 

obvious on the solar surface in wide -band optical continuum images. 

Photosphere is a better descriptor than 'surface' for the thin near- spherical shell where 

the visible and infrared solar continua originate. It extends a few hundred km from the 

t On-screen readers of the ArXiv pdf preprint may click on the year in a citation to open the corresponding 
ADS abstract page in a browser. 
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Figure 1. Sketch of the granulation-supergranulation-spicule complex in cross-section. A: flow lines 
of a supergranulation cell. B: photospheric granules. C: wave motions. D: large-scale chromospheric 
flow field seen in Ha. E: [magnetic] lines of force, pictured as uniform in the corona but concentrated 
at the boundaries of the supergranules in the photosphere and chromosphere. F: base of a spicule 
'bush' or 'rosette', visible as a region of enhanced emission in the Ha and K -line cores. G: spicules. 
[. . . ] The distance between the bushes is 30 000 km. Taken from lNovesl ( 1967!) , including this caption. 
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Figure 2. Cross-sections through a snapshot of a time-dependent 2D MHD simulation. The compu- 
tational domain includes the top of the convection zone and reaches up to the corona. First panel: 
temperature, with superimposed field lines that are selected to chart the two magnetic concentrations. 
Second panel: gas density. Third panel: NLTE overpopulation of the n = 2 level of hydrogen, setting 
the Ha opacity. A movie, available at http: //www. astro .uu.nl/ ~ rutten/rrweb/rjr-movies 
of the temporal variation of these cross-sections demonstrates that the narrow blue-green fronts in the 
clapotisphere under the internetwork canopy in the first panel represent shocks that travel upwards, 
mostly at a slant and with much mutual interference. They delimit very cool clouds (blue-black in 
the first panel) w ith gigantic H I = 2 overpopulation (green-orange in the third panel). Taken from 
iLeenaarts et alj ( 20071) 
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T500 = 1 Eddington-Barbier depth at which the radially emergent continuous intensity at 
A = 500 nm is approximately given by the continuum source function, which is dominated 
by bound-free FT transitions. These contribute so much opacity that sunlight escapes only 
at much lower atmospheric gas density than that of the transparent air surrounding us. 
Slightly deeper continuum escape occurs in the opacity minima near A = 400 nm (with 
shortward onset of important metal ionisation edges that provide the H electrons) and A = 
1.6 fim (IT bound-free threshold, with longward increase of the IT free-free contribution). 

Yet deeper escape, about 100-200 km, takes place within slender magnetic concen- 
trations of kilogauss strength. In these, the magnetic pressure contribution to hydrostatic 
balancing reduces the gas density. Such fluxtubes constitute network as loose 'filigree' 
alignments along intergranular lanes at supergranular boundaries. At larger activity, they 
constitute plage in the form of denser clusters that inhibit normal granulation. 

In addition, there appears to be abundant magnetism at much lower strength. Other 
quiet-photosphere ingredients are the ubiquitous granulation due to turbulent convection, 
overshoot phenomena including internal gravity waves, the supergranulation, and copious 
acoustics that are dominated by global p-mode standing-wave interference but also contain 
outward propagating waves from local excitation at granular scales. 

Chromosphere does not stand for a spherical shell but for a thin, very warped and highly 
dynamic interface surface that comes down deep in and near kilogauss concentrations but 
rides high on acoustic shocks in ot herwise co ol internetwork (cell interior) gas. I call the 
latter domain the 'clapotisphere' dRutten 1995 ) and reserve 'chromosphere' for the fibrilar 
canopies seen in Ha. These appear to be structured by the fields that extend from network 
and plage. The fibrils correspond to the off -limb spicule f orest whose pink Balmer-line 
emission gave the chromosphere its name (iLock ver 1868). The transition region to the 
corona is likely a thin envelope to the fibrilar chromosphere. The principal ingredients 
defining chromospheric structure and dynamics are, for decreasing activity, magnetic re- 
connection, current heating, Alfven waves, magnetically guided and/or converted acoustic 
waves, possibly gravity waves and torsional waves, and photon losses in strong lines. 

In terms of physics, the principal quiet-Sun photospheric agents are gas dynamics and 
near-LTE radiation loss outside magnetic concentrations, magnetohydrodynamics (MHD) 
within the latter. These processes are presently emulated well in 3D time-dependent sim- 
ulations of photospheric fine structure. The spatial si mulation extent is still too small to 
contain fu ll-fledg ed active re gions , but sunspots (e.g., iRempell 20111) and supergranules 
dUstvugovl 20081; IStein et al. 2009 ) come into reach. Higher up, the radiation losses be- 
come severely non-equilibrium (NLTE, PRD, time-dependent population rates) and the 
magnetogasdynamics becomes multi-fluid. These complexities constitute a challenging but 
promising modelling frontier. 



2. The scene 

Figure[T]sets t he quie t -Sun s cene for this overview. This sketch comes from the outstanding 
discussion bv lNovesI ( 196 71) of the ingenious Do ppler imaging first described in the semi- 
nal 'Preliminary report' of lLeighton et al.l ( 1962) The latter contained the discovery of the 
supergranulation, reversed granulation, five-minute oscillation, upward-propagating chro- 
mospheric waves, and rapidly changing chromospheric flows, all in a single paper! The var- 
ious symbols in Noyes's sketch define characteristic fine structure of the solar photosphere 
and chromosphere. The photospheric granulation, waves, and strong-field concentrations 
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are now largely understoocjj] The photospheric supergranulation and the chromospheric 
structures and flows are not. 



Figure [2] from iLeenaarts et al.l (2007b is not a cartoon but a snapshot from a 
time-dependent simulation representing state-of-the-art numerical imple mentation of the 
physic s of MHD and radiative transfer in the so lar atmospher e . The c ode of Hansteen et al. 
( 20071 ) was used; other code s are described bvlFrevtag et al . (2002), Schaffenberg er et al. 
(2006h, IVogler et al.l (20051), iGudiksen & Nordlundl (2005h and Gudiksen_eLalJ (201 lj) 
In this case, one spatial dimension wa s sacrificed to make non-equilibrium evaluation of 



In this case, one spatial dimension was sacrificed to make non-equilibrium evaluation ot 
hydrogen population rates tractable (cf. Kneer & N akagawa 1976; C arlsson & Stein 19921, 



2002; Rammacher & Ulmschneider 2003). This is essential above the photosphere where 



shocks abound. The slowness of H ionisation/recombination balancing in the cool post- 
shock aftermaths makes hydrogen a much less effective internal energy buffer than it would 
be for instantaneous statistical equilibrium or LTE, and strongly affects the thermodynam- 
ics. The slow post-shock balancing also causes huge NLTE over-opacities of Ha (third 
panel). 

The two figures have much similarity. Each contains granules, oscillations, flows, and 
two magnetic concentrations in the photosphere (unipolar in figure [1] bipolar in figure [2]) 
whose fields spread out at larger height. 

There are also dissimilarities. A key one concerns the 'chromospheric flow field seen 
in Ha' marked by D in figure[T]that describes flows along cell-covering fibrils. In Ha fil- 
tergrams such long internetwork fibrils appear ubiquitously, constituting an opaque chro- 
mospheric blanket all over the Sun except in extremely quiet areas. At the limb these fibril 
canopies provide an opaque floor to the Ha spicule forest, i.e., much of Lockyer's chro- 
mosphere. However, the simulation snapshot (figure[2]i does not contain such internetwork 
fibrils. The green arches in the third panel look suggestively as such, but these remain 
optically thin in Ha even while marking Ha opacities as much as 10 8 in excess of LTE. 

Underneath these fibrils the sketch specifies wave motions; correspondingly, under the 
arches the simulation snapshot has large clapotispheric clouds of cool gas that are perme- 
ated by repetitive shocks. The latter push the chromospheric interface with the corona up 
to heights around 3-4 Mm, as high as the flow-mapping Ha fibrils in the sketch. Near the 
magnetic concentrations the shocks are fiel d-guided and jut out with repetitive extension 
and retraction to 2-3 Mm height (figure 3 of Leenaarts et alj 20O7l). More on these dynamic 



fibrils below, and also on straws / spicules-II / RBEs and weak fields which do not figure in 
these diagrams. 

3. Photosphere 

(a) Overall structure 

ID modelling. ISchwarzs child (1906) wrote, in Loeser's translation in the compilation by 



Menzell (1962): "the sun's surface displays changing conditions and stormy variations 
[.. .] It is customary, as first approximation, to substitute mean steady-state conditions 
for these spatial and temporal variations, thus obtaining a mechanical or 'hydrostatic 
equilibrium' of the solar atmosphere" and established that "the equilibrium conditions 
of the solar atmosphere correspond generally to those of radiative equilibrium ". In cool- 

t Understood in terms of their structural physics and how their observational diagnostics arise. The unsolved 
riddles of how network fields come, assemble, cancel, disperse, and go are outside the scope of this article, as are 
a fortiori the structure, formation, evolution, and dec ay of active r egions and filaments and their outbursts. The 
dynamo and activity cycle remain grand questions (cf. Spruit 20111). 
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star abundance studies, stellar-atmosphere modellers usually assume these equilibria plus 
mixing-length convection at the bottom of the photosphere. 

In contrast, solar abundance determiners h ave typically used empirica l spectrum-fitting 
models, in parti cular the HOLMU L update bv lHolweger & Mulleri ( 1974b of the LTE line- 
fitting model of iHolwegerl (19671) They preferred this oy e r the much more sophisticated 
NLTE continuum-fitting FALC model of lFontenla et alj (19931) because HOLMUL has 
no chromospheric temperature rise which would produce self-reversals in LTE-computed 
strong lines that are not observed. The mid-photosphere parts of these empirical models 
are so similar and so close to radiative-equilibrium predictions that LTE and RE seem 
reasonable first approximations where H radiation loss is the major stratification agent. 

NLTE masking. FALC's classic VAL 3C predecessor, fo rmulated in the three monumental 
papers of Vernazza, Avrett & Loeser (119731 1976 198 1 ), had a significantly cooler upper 
photosphere than HOLMUL. Such a steeper temperature gradient produces d eeper lines , 
but also appreciable near-ultraviolet overionisation of species such as Fel (ILitesI 1972). 
The resulting NLTE reduction of Fel opacities offsets the line strengthening; Rutten & 
Kostik ( 1982) c alled this fortuitous cancellation 'NLTE masking'. Avrett's subsequent and 
most recent (lAvrett & Loeserl 2008 ) modelling includes a large number of ultraviole t lines 
to provide a quasi-continuous line haze {e.g., Greve & Zwaanl 1980; Kurucz 2009) that 
resulted in a less steep, HOLMUL-like photosphere which was copied into FALC. All these 
line s are set to sh are an ad-hoc transition from LTE to pure scattering to avoid core reversals 
(see lRutten 1988 ). This NLTE opacity issu e crops up again in modelling photo spheric fine 
structure with steep temperature gradients dShchukina & Truiillo Buenou OOl ). 



Microturbulence. All ID modelling uses Struve's microturbulence as a free adjustment fac- 
tor to account for ignored fine structure in matching observed spectral lines. It is the most 
arbitrary of the four classical stella r-atmosphere parame ters (effective temperature, surface 
gravity, metallicity, turbulence) - IChandrase khar (1949) quoted Russell's attribution "to 
the direct intervention of the Deity" . In ID solar modelling it became a bag of fudge pa- 
rameters. Macroturbulence and height dependence were added, de Jager & Vermue (19771) 
defined functional kinetic-energy spectrum filters, Gray ( 1977) added anisotropy. VAL3C 
and FALC shared si zable microturbulence with large variation with height (figure 1 1 of 
Vernazza et all 198 1 ). The underlying assumption that the unresolved fine structure and dy- 
namics can be described as a Gaussian convolution (of the extinction coefficient for micro, 
of the emergent intensity profile for macro, respectively) appears untenable (Uitenbroek & 
CriscuoliMnF - 



(b) Fine structure 

Granulation. The granulat ion became initially understood by Nordlund's early simulations 
(e.g. , Nordlund 1 982, 198 41) and more so when he teamed up wit h Stein (e.g., Stein & Nord- 
lund 19891, 1998l: lNordlund & Steinf 1990l; lNordlun d et al. 20091) and with the identification 
of radiative surface co oling as the major driver "^R ast 1995). Curre nt granulation research 
targets small vortic es dBonet et alj 2008 2010; Steiner et al. 2010; Kitias hvili et alj 201 II; 



Shelvag et al] 201 11). su personic flows |Bellot Rubio 20 09i;lyitas et alJ 201 lb, flow bendin g 
dKhomenkoetalJ 2010i). and intergranular jets (iGoode et alJ 2010l; lYurchvshvn etal.2011). 

Abundances. The use of 3D Nordlund-Stein granulation simulations instead of ID mod- 
elling with ad-hoc turbulence resulted in substantial downward re visions of key abun- 
dances, upsetting helioseismology and stellar evolution theory (e.g., Asplund et al. 20041, 
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20051; IPereira et al] 2009b, 2009al; iNordlund et all 20091 lAsplund7t al. 2009). However, 
ICaffau et alJ (2009 2011 ) report only s mall changes from the ID to 3D paradigm shift 
and do not confirm such drastic revision. iFabbian et al.l (2010) found that adding moder- 
ate magnetic flux has appreciable influence on iron abundance determination. These issues 
remain open. 

Reversed granu lation. In the mid-p hotosphere the granular intensity contrast reverses. The 
observations of Rutten et al. (2004) were well reproduced bv the simulation of Leenaarts 
& Wedemeyer-Bohm (2005) Cheung et al. (2007) provided detailed explanation using the 
MHD code of Vogler et alJ (2005D The phenomenon comes from overturning flows a nd 
produces marked imaging asymmetry between the wings ofNalDj dRutten et al.l 201 II). 



Acoustic oscillations. The simulations have self-excited acoustic box modes that are not 



too dissimilar from global p-modes (Nordlund & Stein 2001; Stein & Nordlund 2001). 
They serve to stu dy stochastic mode excitat ion in near-surface convection for the Sun and 
other stars {e.g., ISamadi et al . 2003 2 0071). Earlier, Goode and coworkers searched for 
identifiable p-mode exc iters (e.g.. lRestaino et alJ 1993l; lRimmele et al.l 19951; |Goode et al. 
1998 ; Stro us et al.[2000i) fo r which the collapsars (small vanishing granules) of lRastl ( 19991) 
andlSkartlien et al. ( 2000!) became the principal candidate. These indeed generate excess 
acoustics ( Ho ekzema et al.l 2002 ). 

Magnetic concentrations. Figure d] is from before the ident ification of ma gnetic network 
elements as kilogauss fluxtubes by Frazier & Stenflo ( 1978 1) with Stenflo 's ( 19731) line ra- 
tio tedmiqy^In the magnetostatic thin-fluxtube model of Spruit (1976) following ideas 
of Zwaan (1967) the inside magnetic pressure balances part of the outside gas pressure; 
the latter's outward drop makes the fluxtube expand with height. This paradigm was put 
on firm observational footing by Solanki and coworkers through best-fit modelling of the 
spatially unresolved signature of small kilogauss con centrations in multi-line spectropo- 
larimetry (see the extensive review by Solanki 1993 ), and subsequently confirmed with 



MHD simulations, first in 2D (e.g., iGrossmann-Doerfh et all 19941 19981; ISteiner et al 



1998 ; Gadun et al. 2001 ; see also the two examples in figure |2l, then in 3D (e.g., Carlsson 
et al. 2004; Vo gler et al. 2005; Yelles Chaouche et al.l 2009). Newer research addresses 



wave excitation and diagnostics (Khomenko et al. 2008; Vigeesh et al. 2009, 2011 ; Kato 
etal. l20TTt .~ 

Magnetic bright points. Many studies of small strong-field concentrations employ their 
alter-ego as network bright points (or magnetic knots, filigree grains, facular points, etc.) 
which are easier to observe, easiest in the G band of CH lines around A = 430.5 nm fol- 



lowing iMuller & Roudierl (1984) but also in the wings of strong lines (iLeenaarts et al 



2006al). The y are not points, becoming flowers and ribbo ns with much substructure at high 



resolution (Berger et al. 2004; Abramenko et al. 2010). The upshot of the extended lit- 
erature reviewed bv lDe Wiin et al.l (2009) is that they are useful indicators of magnetic 
concentrations in imaging 'proxy' magnetometry, but without precise one-to -one corre- 
spondence to the actual fields. Their brightness was explained bv Spruit ( 1976) and Spruit 
& Zwaan (1981) It is not due to magnetic energy dissipation but comes from the hot walls 
that fluxtubes have below the outside surface because the viewing depth inside is 100- 
200 km deeper from the partial evacuation. In molecular bands dissociation increases the 
contrast with the outside granulation, as does ionisation for atomic lines and smaller colli- 
sional damping for strong-line wings. Towards the limb facular brightening results because 
viewing along a slanted line of sight penetrates through the tube into the granule behind it. 
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Detailed MHD si mulations give good bright-point and facular agreement with ob servations 
(e. g.. (Keller et all 200 4; Shelvag et ail 20041; barlsson et al 2004 ; Steiner 2005 ; Leenaarts 
et al.'2006bi; IVitas et al.l 2009i; IWedemever-Bohm & Rouppe van der Voortl '2009ai). Irradi- 
ance modelling must cope with the inherently 3D nature of limbward facular brightening 
dUnruhet alJ 2509t). 

Weak and horizontal fields. Neither figure Q] nor figure [2] shows the weak tangl ed inter- 
network fields detected with sensitive spectropolarimetrv ( Khomenko et al. 2003 ; Trujillo 
Bueno et al. 20041; iLites et alJ 20071; Martinez G onzalez et al J 20101) and predicted b y 
near-surface convective dynamo simulations dCattaneol 1999l; IVogler & Schiisslerl 2007). 
They seem to close on granular scales in the mid-photosphere, appearing there as relativ ely 
strong horizontal field dlites et al] 20081; ISteiner et al.1 20081; ISchiissler & Voglerl 20081). 

Inver sion modelling. The La Laguna inversion school initiated by Ruiz-Cobo et al. (199a 
19921) has produced multiple codes that emulate HOLMUL-lik e empirical model construc- 



tion by best-fit stratification mode l ling per observed pixel (e.g. , Socas-Navarro et al. l200lt 
20081; Usensio Ramos etail 20081, Ide la Cruz Rodriguez et al.r 2010i; lBorrero et alJ '2010i). 
They serve especially to map flows and magnetic fields from full-Stokes line profiles. Many 
use the Milne-Eddington approximation of constant line/continuum opacity ratio; some use 
slab geometry. Many fit spline functions with height through a few anchor points. The ap- 
proach generally works well in the photosphere where most radial behaviour is smooth. 



4. Clapotisphere 

(a) Overall structure 



ID modelling. The six VAL3 models of Vernazza et al . ( 1981) representing quiet-Sun con 



ditions were made by fitting bins of different observed ultraviolet intensities with different 
temperature stratifications, all sharing the basic structure of photospheric decline, temper- 
ature minimum, extended raised chromospheric plateau, and a steep rise to coronal values 
called the transition region. Brighter spectra were reproduced by models that are slightly 
hotter throughout their upper parts and have a deeper-located transition region. With these 
models the term 'chromosphere' became to mean the raised-temperature plateau between 
the VAL3C temperature minimum at h = 500 km and transition region at h = 2100 km, 
rather than Ha fine structure. 

However, collapsing the internetwork parts and network parts, respectively, of figures[T] 
and [2] to column averages would make sense only if the spatiotemporal fluctuations were 
small, but they are not at heights where the atmosphere suffers frequent sho cks. The slight 



differe nces between the differen t VAL3 models (and for the similar grids of Fonten la et al 
(1993, 2002 2006, 2007 , 2009) should be contrasted with the much larger temporal vari- 
ations along columns in figure [2] In a movi^j] of this behaviour, the internetwork clapoti- 
sphere consists of very cool gas that is every few minutes ridden through by shocks. That 
such shocks invalidate s tatic modelling was established alr eady with the beautiful Call 



H 2 y grain simulation bv lCarlsson & Steinl (1994, 1995 1997). 



The existence of cool clouds that are incompatible with static ID modelling was long 



before advocated bv Avres on the basis of deep CO line cores (e.g., Ayres 1981 ; Ayres 



& Rabin 1996; Avres 2002). In simulations the clapotispheric gas gets as cool as 2000 K. 
t http : //www . astro . uu . nl/~rutten/rrweb/r jr-movies/hion2_£ig2_movie . mov 
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Leenaarts et aL (2011) conclude that such low temperatures are unavoidable unless there 
is weak-field heating not present in such simulations. 

ALMA ma y deliver direct mm-radiation diagnostics of the spatiotemporal temperature 



behaviour {e.g., lLoukitcheva et all 2004 2006 ) 



(b) Fine structure 

Acoustic s hocks. Many shocks in th e movie companion to Figure|2]run at a slant, which ex- 
plains whv Carlsson & Stein ( 1997) found only a few locations in the observations of Lites 
et al. (1993) with well-defined H2V grain sequences that they could faithfully reproduce 
one-dimensionally. The grains obtain their characteristic violet/red asymmetry from the 
presence of both a hot shock and higher-up post-shock downdraft along the line of sight; 
grain sequences imply vertical shock propagation. The slanted-shock interaction patterns 
indeed resemble clapotis (wild wave interference on rivers and oceans). 

Gravity waves. Gravity w aves should be copiously excited in the convective overshoot 



above the gr anulation (e. g. . IWhitakeJ 1 963\: Istein 1967 Jlighthilll 1967 1 Mihala s & Toomre 



1981 , 19821), but are hard to diagnose (e.g., Bro wn & Harrisonl 19801; Deubner & Fleck 



1989l: lRutten & Kriigeif 20031). Recent estimates combining Fourier observations with 



sim- 
ulations, but applying linear theory, suggest that the gr avity- wave energy flux into the up- 
per chromosph ere is com parable t o the acoustic fl ux ( Stra us et al.l 2 008 1 Kneer & Bello 
Gonzalez 201 1 ). These waves remain understudied. 

Quietest Sun. In the quietest areas Ha line-centre images show no cover-all fibril carpet but 
only network rosettes consistingof short mottles, and very d ynamic cell interior between 



these. A fast-cadence Ha moviqjjof the latter from the data of iRouppe van der Voort et al 
(20071) shows mushrooming three-minute oscillation blobs that break up into very narrow, 
fast-moving, probably hot, filamentary structures. Possibly these mark shock interference, 
or conversion into weak-fie ld canopy waves, or tiny magnetic filaments as described by 



Schaffenberger et al. (200 61) or shock-excited high-frequency oscillations as proposed by 



Reardon et al. (2008) IWedemever-Bohm & Rouppe van der Voorj (2009b) reported swirl 



motions in such areas. These quiet-Sun phenomena also need further study, but require 
exceedingly high spatial and temporal resolution. 

Wave-field interaction. The shocks push the clapotispheric transition region to large height 
becau se magnetic refraction and mode conversi on become important only at low plasma- 



beta dBogdan et al.l 2002 ; Ros enthal et al.l 20021). The ubiquitous presence of shock waves 
in both the observations and MHD simulations suggests that weak fields play no large 
rol e in the clapotisphere (c f. ISteine r 2010), nor the multi-scale magnetic carpet proposed 



bv lSchriiver & Title (2003) Gravity waves convert easier into Afven wave s then acousti c 



waves (Lighthill 19671); their amplitude may be a canopy mapper (figure 5 of Ruttenf 2010j) 



5. Chromosphere 

(a) Overall structure 

ID modelling. In the magnetic network shocks arise even deeper. The fluxtube simulation 



bv lSteiner et al.l ( 1998) already suggested that photospheric shocks frequently arise in and 



near magnetic concentrations, excited by strong adjacent downflows driven by radiative 
f http://www.astro.uu.nl/-rutten/rrweb/rjr-movies/2806-86- 18- quiet- ca+hawr .avi 
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cooling through the tube walls. Recently, Kato et al . (201 1 ) elaborated the mechanism, call- 
ing it magnetic pumping. The movie version of figure [2] a lso shows much shock activity in 
and near the magnetic concentrations. In the simulation o flLeenaarts et al] ( 20 1 ) magnetic- 
concentration shock s occur a s low a s h = 300 km and affect the core of Nal Di. The Nal 
Di observations of ljess et~al] (2010) and lRutten et al. (2011) confirm such shock sensitiv- 
ity. It makes Nal Dj Dopplergrams effective proxy-magnetograms by marking magnetic 
concentrations through the resulting core asymmetry. This ubiquity of deep-seated shocks 
invalidates static ID modelling even more for network than for internetwork. 

Chromospheric heating. Classically, the chromospheric heating budget was determi ned by 
evaluating the net radiative cooling in a standard model (figure 49 of lVernazza et alj 19811) 
or determining the amount of excess heating over radiati ve equilibrium that is n eeded to 
obtain such models ( Anderson & A thav 1989 ). However, Carlsson & Steinl ( 19951) demon- 
strated that a cool but shock-ridden clapotisphere delivers the hot VAL3C chromosphere 
when fitting ultraviolet continua, due to the non-linear Planck sensitivity to the hottest 
phases. In addition, the enhanced network brightness in these continua (in which network 
appears as in Ca II H & K filtergrams, bright but without fibrils as in Ha) i s a mix of scat- 



tered photospheric fluxtube-wall radiation, brightness from Joule heating (ICarlsson et al 



20101), and a haze of unresolved high-reaching spicules-II (see below). Modelling these di- 
verse contributions as radiation loss at the height of ID non-fluxtube continuum formation 
is a severe simplification. 

The long debate whether acoustic waves provide important ubiquitous chromosphere 
heating has 'no' as the present answer dFossum & Carlssonl 2005 ). 



(b) Fine structure 

Internetwork fibrils. The long Ha fibrils that cover (parts of) cell interiors were called 
'flow mappers' by Noyes in figure Q] H owever, flows along them have been studied only 



scarcely for quiet-Sun conditions (IContarino et al. 2009). Watching Ha movies gives 
a strong impressio n that the fibrils constitute canopies that ride on the clapotisphere. 



Rutten et alj (2008) found that the y partake in shocks coming up underneath, as also evi 



dent in the Doppler timeslices of ICauzzi et al.l (2009) The co-aligned image mosaics at 
http://www.arcetri.astro.it/science/solare/IBIS/gallery indicate that the 
transition region morphology seen in He II 304 A follows the Ha fibril pattern. 

So far, the MHD simulations do not produce these long fibrils. Why not is not clear, 
perhaps a lack of resolution, extent, radiation physics, magnetic complexity, and/or history. 

The long Ha fibrils are often taken to outline chromospheric fields. Indeed, their fil- 
amentary patterns give a vivid imp ression of magnetic connectivity. However, d irect cor- 
respondence remains unproven (Ide la Cruz Rodriguez & Socas-Navarrd 2011 ), and the 
thermal and dynam ic fine stru cture evidenced by the fibrils may be more complex than 
the field structure dJudgd 2006). Sinc e Ca II 854.2 nm re sponds to higher temperature with 
larger brightness while Ha does not ( Cauzzi et al. 2009 ), Ha brightness may be the better 
field mapper if Call 854.2 nm brightness shows non-aligned features along heating sites. 
Also, the fibril canopies have less opacity in C a II 854.2 nm so that this line instead shows 
clapotispheric acoustics in internetwork hearts (iVecchio et alj 2009 ). 

If Ha fibrils do map chromospheric fields, then extrapolation using the observed Ha 
fibril connectivity as a constraint may help in nonlinear force-free field prediction of the 
shape and free-energv loading of coronal fields from Dhotosnheric magnetograms (Bobra 
et al. 2008; Wie gelmann et alJ 20081). If so, space-weather prediction will eventually need 
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continuous high-resolution full-disk Ha imaging, best done from space with large detector 
mosaics. Direct polarimetric measurement of chromospheric fields is an important driver 
for large solar telescopes, but reaching quiet-Sun fibril mapping is a daunting challenge. 

Dynamic fibrils. Near network and plage shorter fibr ils are seen in Ha as extending and 
contractin g stalks with ab rupt transition-region caps dSuematsu et alj 1995 ), and similarly 
in Lyq (Koza et all 2009). T hese became a chromosp heric success story with the work 
of Hansteen et a l. (2006) and De Pontieu et al. (2007a) who identified them as /?-mode- 
driven field-guided shocks that slant up from netw ork and plage. The slant helps the waves 
to propagate by reducing the effective gravity ( Michalitsanosl 19731; Bel & Lerov 197" 



Suematsul 1990). They are more upright than the long cell-covering fibrils and seem to 



stick out as regular ('type-I') spicules above the dense carpet made by those at the limb. 

Spicules-II/ straws /RBEs. These features (respectively off-limb/ near-limb /on-disk) also 
border network and plage but they are yet more upright, slenderer, more dynam ic, and 
reach higher. They were found in Ca II H near the limb and call ed 'straws' by me (Rutten 



2006), observed as 'type-II spicules' in Call H off the limb by De Pontieu et al 



(2007b 



2007c ), and identified on the di sk as dark 'rapid blue exc ursi ons' (RBEs) in the blue wings 
of Ca ll 854.2 nm and Ha bv lLangangen et all (2008) and Roupp e van der Voort et al 



(2009 ) They may also be diagnosed from EUV line asymmetr ies (Mcintosh et al. 200; 
Hara et alj 2008; H ansteen et ail 20101; iMartmez-Svkora et alJl2011aHTian et al.|[20TTt . 



They are prob ably a key player in providi ng mass and energy to t he corona outside active 
regions (IDe Pontieu et al.l 2009 ). Recently. iDe Pontieu et al.l (201 1) traced RBEs as coronal 
heating events in ultraviolet images. They appear as jets that send up bullets of hot gas 
with precursor fronts at coronal temperatures which continue up and out while the bullets 
drop back. These dynamic features occur near network and plage all over the Sun, not 
preferentially in bipolar areas or coronal holes. At the limb they appear as long spicules 



(up to 10 Mm, as in figure[TJ that sway rapidly, likely from Alfven waves (IDe Pontieu et al 
20071. 



The recent MHD simulation of a spicule-II-like event by Martfnez-S vkora et al 



(201 lb) suggests a tangential field discontinuity in the chromosphere due to small-scale 
flux emergence as the principal ingredient, reminiscent of the squeezed tubes of Babcock & 
Babcock ( 1955) "exciting upward travelling waves [... ] with tenuous cl ouds of ions and 
electro ns squeezed ahead". Perhaps with helical motion as suggested by Beck & Rezaeil 
(120111)1 

Data inversion. Spline-function inversion techniques loose credibility where clapoti- 
spheric and chromospheric fluctuations are too wild for smooth ID fitting. Fibrils are 
like overlying Schuster-Schwarzschild slabs, and so the filamentary nature of the chromo- 
sphere suggests cloud modelling. Inversion techniq ues using multi-parameter cloud profile 
synthesis have been reviewed bv iTziotzioul (20071); c loud modelling presently reac hes its 
highest sophistication in filament-thread analysis (e.g. jGouttebroze & Labrosse 20091). The 
slowness of hydrogen (and worse for helium) ionisation/recombination balancing in post- 
shock gas plus the ubiquity of frequent shocking requires knowledge of the local history, 
if not the wide-area history including the field topography. Presently, grasping the physics 
processes via forward modelling by simulation with line synthesis has higher priority. 
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6. Conclusion 

The overall and the fine structure of the quiet photosphere are largely understood. The 
structure of the clapotisphere is reasonably understood. The fine structure of the quiet chro- 
mosphere (of which the spatiotemporal mean is not of interest) is not understood excepting 
dynamic fibrils, but holds the key to the mass and energy loading of the quiet-Sun outer 
atmosphere. The upcoming large groundbased telescopes, ultraviolet space missions and 
increased realism of MHD simulations should combine into substantial progress in this 
premier solar physics frontier. 

Because open fields (in a local sense) harbour more upward connectivity than closed 
fields, they are the ones to concentrate on even though the corresponding fine structure is 
harder to observe. In the quiet-Sun photosphere these are the kilogauss field concentrations, 
in the quiet-Sun chromosphere spicules-II/ straws /RBEs. Ha mapping of closed fields 
(within the chromosphere) appears especially useful for eruptivity prediction. 

I thank J. Leenaarts and N. Vitas for assistance, the referees for making me rewrite an earlier draft, 
and the issue editor for allowing additional reference pages. 
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